The RNA-guided endonuclease Cpf1 is a promising tool for genome editing in eukaryotic cells [1] [2] [3] [4] [5] [6] [7] . However, the utility of the commonly used Acidaminococcus sp. BV3L6 Cpf1 (AsCpf1) and Lachnospiraceae bacterium ND2006 Cpf1 (LbCpf1) is limited by their requirement of a TTTV protospacer adjacent motif (PAM) in the DNA substrate. To address this limitation, we performed a structure-guided mutagenesis screen to increase the targeting range of Cpf1. We engineered two AsCpf1 variants carrying the mutations S542R/K607R and S542R/K548V/ N552R, which recognize TYCV and TATV PAMs, respectively, with enhanced activities in vitro and in human cells. Genomewide assessment of off-target activity using BLISS 7 indicated that these variants retain high DNA-targeting specificity, which we further improved by introducing an additional non-PAMinteracting mutation. Introducing the identified PAM-interacting mutations at their corresponding positions in LbCpf1 similarly altered its PAM specificity. Together, these variants increase the targeting range of Cpf1 by approximately threefold in human coding sequences to one cleavage site per ~11 bp.
The RNA-guided endonuclease Cpf1 is a promising tool for genome editing in eukaryotic cells [1] [2] [3] [4] [5] [6] [7] . However, the utility of the commonly used Acidaminococcus sp. BV3L6 Cpf1 (AsCpf1) and Lachnospiraceae bacterium ND2006 Cpf1 (LbCpf1) is limited by their requirement of a TTTV protospacer adjacent motif (PAM) in the DNA substrate. To address this limitation, we performed a structure-guided mutagenesis screen to increase the targeting range of Cpf1. We engineered two AsCpf1 variants carrying the mutations S542R/K607R and S542R/K548V/ N552R, which recognize TYCV and TATV PAMs, respectively, with enhanced activities in vitro and in human cells. Genomewide assessment of off-target activity using BLISS 7 indicated that these variants retain high DNA-targeting specificity, which we further improved by introducing an additional non-PAMinteracting mutation. Introducing the identified PAM-interacting mutations at their corresponding positions in LbCpf1 similarly altered its PAM specificity. Together, these variants increase the targeting range of Cpf1 by approximately threefold in human coding sequences to one cleavage site per ~11 bp.
Programmable endonucleases from class 2 microbial CRISPR-Cas systems have enabled a wide range of applications in eukaryotic genome editing [1] [2] [3] [4] [5] [6] [7] . Recent work has demonstrated that in addition to the widely used type II-A Cas9, the type V-A system Cpf1 can mediate efficient genome editing. Cpf1 has several advantages compared to Cas9; for instance, it has low mismatch tolerance [4] [5] [6] [7] , does not require a trans-activating crRNA, and can process its own CRISPR RNA (crRNA) array into mature crRNAs to facilitate targeting of multiple genes concurrently 2, 3 .
We previously identified two orthologs of Cpf1 with robust activity in mammalian cells, Acidaminococcus sp. BV3L6 Cpf1 (AsCpf1) and Lachnospiraceae bacterium ND2006 Cpf1 (LbCpf1) 1 , both of which require a TTTV protospacer-adjacent motif (PAM), where V can be A, C, or G. For applications for which the location of the target site is critical, such as homology-directed repair or generation of lossof-function mutations at specific exonic positions, the requirement of a TTTV PAM may limit the availability of suitable target sites, reducing the practical utility of Cpf1. To address this limitation, we aimed to engineer variants of Cpf1 that can recognize alternative PAM sequences in order to increase its targeting range.
Previous work has shown that the PAM preference of Cas9 can be altered by mutations to residues in close proximity to the PAM DNA duplex [8] [9] [10] [11] . We sought to investigate whether the PAM preference of Cpf1, despite its strong evolutionary conservation across different orthologs 1 , can also be modified. Based on the crystal structure of AsCpf1 in complex with crRNA and target DNA 12 , we selected 60 residues in AsCpf1 in proximity to the PAM duplex for targeted mutagenesis (Fig. 1a and Supplementary Table 1a) . By randomizing the codons at each position using cassette mutagenesis, we constructed a plasmid library of AsCpf1 variants encoding most single amino acid substitutions at these residues. The use of codon randomization allowed us to attain greater mutational coverage than would have been expected with error-prone PCR, since it prevents representational bias caused by the template sequence.
To identify variants within this library with cleavage activity at noncanonical PAMs, we adapted a plasmid interference-based depletion screen in Escherichia coli 1, 8, 13, 14 (Fig. 1b) . In our modified assay, a pool of E. coli, with each bacterium expressing crRNA and a variant of Cpf1 from a plasmid maintained with chloramphenicol, was transformed with a second plasmid carrying an ampicillin-resistance gene and a target site bearing a mutated PAM. Successful cleavage of the second plasmid resulted in the loss of ampicillin resistance and subsequent cell death when grown on ampicillin-selective media. By comparing the sequences of the original library to the sequences of Cpf1-carrying plasmid DNA in surviving bacteria, we determined the variants that were depleted as a result of their novel cleavage activity of the mutated PAM.
To effectively use this approach to distinguish variants with noncanonical PAM activity from wild-type (WT) AsCpf1, we first determined PAM sequences at which WT AsCpf1 had minimal activity. We evaluated the tolerance of WT AsCpf1 to substitution mutations in the PAM, as determined by E. coli death due to successful plasmid interference. We focused on PAMs with single-nucleotide substitutions (i.e., NTTV, TNTV, and TTNV, where V was arbitrarily chosen to be C).
engineered Cpf1 variants with altered PAM specificities l e t t e r s When transformed with NTTC and TCTC PAMs, E. coli expressing WT AsCpf1 had negligible survival on ampicillin media (Fig. 1c) , indicating that these PAM sequences supported AsCpf1-mediated DNA plasmid cleavage and were not usable for screening the variant library. By contrast, the other five PAMs with a single mutation (TATC, TGTC, TTAC, TTCC, and TTGC) had notable survival rates. We subsequently screened the variant library for activity at these five PAMs, as well as an additional PAM with a double mutation (TCCC) (Fig. 1d) .
Following deep sequencing readout, ~86% of the possible variants at the targeted residue positions were represented with at least 15 reads in the pUC19-transformed negative control to allow assessment of their depletion. For TATC, TGTC, TTCC, and TCCC PAMs, at least one AsCpf1 variant in the library was highly depleted (≥15-fold; Fig. 1d and Supplementary Table 1b). For TATC and TGTC, many of the depleted variants were at Lys548, a conserved residue that forms hydrogen bonds with the PAM duplex 12, 15 . A number of hits were also observed for TTCC and TCCC, most notably an arginine substitution at Ser542, a non-conserved residue.
We evaluated whether variants identified in the screen had activity in HEK293T cells by targeting them to endogenous sites in two genes (DNMT1 and VEGFA; Fig. 2a and Supplementary Fig. 1a) .
Most of the variants we tested generated indels at target sites with their corresponding PAMs; in particular, K548V was most active at a TATC target site, whereas S542R markedly increased activity for two TTCC target sites as well as a TCCC site. Combining the top single amino acid mutations into double and triple mutants further improved activity ( Fig. 2a and Supplementary Fig. 1b) . We selected the variants with the highest activity, S542R/K607R (hereafter referred to as RR) and S542R/K548V/N552R (hereafter referred to as RVR), for further investigation.
To assess the global PAM preference of the RR and RVR variants and compare them with WT AsCpf1, we adapted an in vitro PAM identification assay described previously (Fig. 2b) 1, 16 . We incubated cell lysate from HEK293T cells expressing AsCpf1 (or an engineered variant) with in vitro-transcribed crRNA and a library of plasmid DNA containing a constant target preceded by a degenerate sequence (5′-NNNNNNNNtarget). By amplifying and deep-sequencing the intact substrates and comparing them with the negative control, we determined which sequences were successfully cleaved. For each Cpf1 variant, nine reactions were carried out in parallel, each incubated for a different amount of time, in order to assess cleavage kinetics ( Supplementary Figs. 2 and 3) .
As expected, WT AsCpf1 was most active at TTTV PAMs (Fig. 2c,d ) and had lower activity at TTTT, supporting the previously reported definition of the WT PAM as TTTV 1, 6 . WT also cleaved other sequences including NTTV, TCTV, and TTCV at low rates, consistent with our observations in HEK293T cells (Supplementary Fig. 4 ) and in E. coli. By contrast, the RR and RVR variants had the highest activity at TYCV (where Y can be C or T) and TATV PAMs, respectively, compared to little or no activity for WT Cpf1 at those PAMs (Fig. 2c,d) . The variant PAMs were also not as strictly defined as that of WT. The RR variant also cleaved ACCC and CCCC PAMs (and, to a lesser extent, VYCV), and the RVR variant also cleaved RATR PAMs (where R can be A or G).
To assess the robustness of the engineered PAM activity, we investigated the activity of the RR and RVR variants at their preferred PAMs (i.e., TYCV and TATV, respectively) across a diverse panel of endogenous target sites in HEK293T cells ( Fig. 2e and Supplementary Fig. 5 ). The RR and RVR variants generated >50% indel for 14 out of 20 TYCV sites (70%) and 18 out of 23 TATV sites (78%), respectively, compared to little or no activity for WT AsCpf1 at most of these sites (P < 0.0001 for both variants; Wilcoxon signed-rank). By comparison, WT AsCpf1 achieved >50% indel for 8 out of 23 TTTV sites (35%). These data suggest that, at their respective preferred PAMs, the variants have comparable or slightly higher activity than the WT nuclease (Fig. 2e) . The RR variant also exhibited substantial rates of editing in mouse Neuro2a cells (>20% indel for 6 out of 9 TYCV sites) (Supplementary Fig. 6 ).
Based on our observations that the RR variant also cleaves VYCV PAMs in vitro, albeit at a substantially lower rate than TYCV, we tested the activity of the RR variant at a separate panel of VYCV sites in HEK293T cells (Supplementary Fig. 4) . Across the four genes assessed (CFTR, DNMT1, EMX1, and VEGFA), the RR variant achieved >20% indel for 24 out of 36 VYCV sites (67%), suggesting that, when necessary, target sites with VYCV PAMs can also be considered for editing with the RR variant.
To quantify how these Cpf1 PAM variants affect the targeting range of the CRISPR-Cpf1 system, we performed a computational analysis of the distribution of PAM sequences in the human genome ( Fig. 2f  and Supplementary Fig. 7) , excluding Ns and masked repeats. When considering only the most active PAMs, the variants and WT collectively expand the targeting range of Cpf1 to one target site per ~11 bp in human coding sequences (corresponding to an approximately threefold increase relative to WT alone) and reduce the median distance to the l e t t e r s nearest cleavage site to 3 bp. Moreover, when considering a more broadly defined set of efficiently cleavable PAMs (in particular, the preferred PAMs plus MCCC and RATR, where M can be A or C), the targeting range is further expanded to one site per ~7 bp in human coding sequences, with a median distance to the nearest cleavage site of 2 bp.
We evaluated the genome-wide editing specificity of the RR and RVR variants using BLISS (double-strand breaks labeling in situ and sequencing), which quantifies DNA double-stranded breaks (DSBs) across the genome 7 . To fairly compare the variants to WT, we selected target sites bearing PAMs that can be reliably cleaved by all three nucleases; TTTV was the only PAM that met this criterion, although it has lower activity for the RR variant. For three of the four target sites evaluated (VEGFA, GRIN2B, and DNMT1), no off-target activity was detected from deep sequencing of the BLISS-identified loci (Fig. 3a and Supplementary  Table 2 ) for any of the nucleases. For the fourth target site (EMX1), BLISS identified six off-target sites with detectable indels; all six sites had a TTCA PAM and no more than one mismatch in the first 19 nucleotides of the guide. As expected, both variants had increased activity at these off-target sites compared to WT, consistent with their increased ability to recognize TTCA PAMs. On the other hand, when targeting a site in the RPL32P3 gene with known TTTV off-target sites 5 , the variants exhibited similar or reduced off-target activity (Fig. 3b) , which is also consistent with PAM preference. Collectively, these results indicate that the variants retain a high level of editing specificity that is comparable to WT AsCpf1. We note that a few of the off-target sites with low indel frequencies were not detected by BLISS at the time point we sampled, likely reflecting the dependence of BLISS on the timing of DSB formation 7 .
We investigated whether the specificity of AsCpf1 can be improved by removing non-specific contacts between positively charged or polar residues and the target DNA, similar to strategies previously employed with Streptococcus pyogenes Cas9 (SpCas9) 17, 18 . We identified K949A, which is located in the cleft of the protein that is hypothesized to interact with the non-target DNA strand, as a candidate (Supplementary Fig. 8 ). When combined with the RR and RVR variants, K949A reduced cleavage at all off-target sites assessed (Fig. 3c) while maintaining high levels of on-target activity (Fig. 3d) .
Because Cpf1-family endonucleases have strong sequence and structural homology, the 542, 548, 552, and 607 positions in AsCpf1 have clear correspondences in other Cpf1 orthologs ( Supplementary  Fig. 9 and Supplementary Table 3) . Based on sequence alignment and the crystal structure 19 , we hypothesized that LbCpf1 could also be engineered to recognize TYCV and TATV PAMs by introducing the mutations G532R/K595R and G532R/K538V/Y542R, respectively (Supplementary Fig. 10a ). These mutations altered the PAM specificity of LbCpf1 in the predicted manner (Supplementary Figs. 10b  and 11) , suggesting that this approach may be generally applicable across Cpf1 orthologs.
In summary, we have demonstrated that despite its evolutionary conservation, the PAM preference of Cpf1-family endonucleases can be altered by suitable mutations to residues close to the PAM duplex. Using a structure-guided mutagenesis screen, we engineered two variants, RR and RVR, which can robustly cleave target sites with TYCV and TATV PAMs, respectively, in mammalian cells. We extended this approach to similarly modify a second Cpf1 ortholog. Finally, we introduced an additional mutation that enhanced Cpf1 specificity. Collectively, these engineered variants increase the targeting range of Cpf1 to one cleavage site for every ~11 bp in human coding sequences and provide useful additions to the CRISPR-Cas genome engineering toolbox. Fig. 7 ). Plots show the probability mass function of the distance in base pairs to the nearest cleavage site. The boxplots indicate median and interquartile range. Genomic regions that contain Ns or masked repeats were ignored.
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